The elastic anomaly observed in the coherent Kondo state of Ce heavy fermion compounds is analyzed by using the Anderson lattice model simulating the energy level scheme of CeTe. The Γ 7 doublets and Γ 8 quartets of the 4f states are considered in the model. We solve the mean field equations to derive the temperature dependences of elastic constants, using the random phase approximation like expression for the interaction between the elastic strain and the crystalline field splitting. We compare the calculation with the (c 11 − c 12 )/2 and c 44 constants of CeTe. The presence of the downward dip and the observed overall temperature variations of the two constants are -1 -well described by the present theory. The origin of the dip is the coupling between the elastic strain and the splitting of the Γ 8 quartets.
I. INTRODUCTION
Heavy fermion compounds show elastic anomalies in low temperatures. They are related with crystalline field structures, magnetic phase transitions, and so on. The main contribution coming from the crystalline fields is the peak or dip structures in the temperature dependences of the elastic constants.
Most of the crystalline field splittings are larger than the Kondo temperature and the anomalies occur in higher temperatures than those of the coherent Kondo state. For example, the elastic constant c 33 of CeCu 6 [1] has a dip at about 10K. This is due to the splitting larger than the Kondo temperature 4K. However, a few compounds have the splittings which are comparable to or smaller than the Kondo temperature. The anomalies occur in the coherent Kondo state. The constants (c 11 − c 12 )/2 and c 44 of CeTe [2] show the apparent dip at about 15K. The j = 5/2 levels of Ce ions split into the Γ 7 Kramers doublet and the Γ 8 quartet states. The Γ 7 states are the ground states. There is the splitting 30K between Γ 7 and Γ 8 states. This is the origin of the dip. Similarly, the c 44 constant of the alloy Ce 0.5 La 0.5 B 6 shows the dip at about 0.2K, and this temperature is lower than the Kondo temperature of this alloy [3] .
The main purpose of the present paper is to develop a theoretical description of the elastic anomaly by using a microscopic model. We use the Anderson lattice model simulating the energy level scheme of CeTe. The Γ 7 doublets and Γ 8 quartets are considered. We solve the mean field equations and assume that a strain field couples linearly with the splitting of the Γ 8 states. We calculate the linear susceptibility with respect to the strain field.
Then, we derive the temperature dependence of the elastic constant, using the random phase approximation (RPA) like expression [4] which includes the elastic susceptibility. We compare the calculation with the (c 11 − c 12 )/2 and c 44 constants of CeTe. The observed overall temperature variations of the two constants are well described by the present theory including the coupling between the elastic strain and the splitting of the Γ 8 quartets.
We explain the model in Section II. We report the solution in Section III and the elastic properties in Section IV. We summarize the paper and give discussion in Section V.
II. FORMALISM
We formalize the infinite-U Anderson lattice model simulating the crystalline field structures of CeTe [2] . We use the slave boson method. The model has the following form:
where f i,l is an annihilation operator of the f-electron of the l-th orbital at the i-th site, c k,l is an operator of the conduction electron with the wave number k, and b i is an operator of the slave boson which indicates the unoccupied state at the f-orbital. The atomic energy of the first and second orbitals of f-electrons is E f ; that of the third and fourth orbitals is E f + ∆ − δ; and that of the third and fourth orbitals is E f + ∆ + δ. The two crystalline field splitting parameters ∆ and δ are considered in the model. The first one ∆ is the splitting between the ground state Γ 7 doublet and the excited Γ 8 quartet states of f-electrons. The second splitting δ is due to the lattice distortion from the cubic symmetry. It is assumed that δ couples with a strain field ε linearly: δ = ηε, where η is the coupling constant. For the conduction electrons, the same quantum number is assumed as that of the f-electrons.
We use the square density of states, ρ ≡ 1/ND, which extends over the This model is treated within the mean field approximation:
, and λ i = λ (a site independent real value). These mean field parameters are determined by solving the following coupled equations [4] :
(1) the constraint condition,
the self-consistency condition for r,
and (3) the conservation condition of electron number n el , 
III. SOLUTION
Equations (2), (3), and (4) are solved numerically for the parameters D = 5 × 10 4 K, V = 7500K, E f = −10 4 K, and n el = 1.9 as the typical values.
We take the splitting parameter ∆ = 30K. The close value for ∆ has been revealed in the experiment [5] . We consider the limit δ → 0 because the splitting coming from the strain is so small and negligible. As we will see later, ∆ is smaller than the Kondo temperature per site n f , respectively. As the temperature increases, the order parameter r decreases, so that n f = 1 − r 2 increases. The quantity r does not vanish even though the temperature is much higher than T K (about 40K) at T = 0.
This is the effect of the change of the Fermi level µ to keep the total electron number constant. This effect has been reported previously [6, 7] . According to the increase of n f ,Ẽ f decreases, which means the reduced itinerancy of 
IV. ELASTIC ANOMALY IN LOW TEM-PERATURES
We shall discuss the change of elastic properties of heavy fermions due to the crystalline field splitting in the low temperature below T K . We shall calculate an elastic constant c by the RPA-like formula [4] analogous to the plasmon excitation theory. The constant c is related with the linear susceptibility with respect to δ, as shown below:
where c 0 is the elastic constant of the system where there is not interactions between the lattice and the electronic system, and g is the coupling constant.
There is a relation g = c 0 η 2 , so g is positive. The analogous formula was used before [8] but in the linear response theory. We assume that c 0 is independent of the temperature. The value of g is unknown experimentally as well as theoretically. In order to discuss the crystalline field effect on c,
we treat the factor g as a kind of fitting parameters. The quantity χ δ is calculated as the second order derivative of the mean field free energy:
where the δ dependences of the band edges are neglected in the derivatives because their effect is exponentially small. In the actual calculation, we take the limit δ → 0, because our problem is the elastic property at the equilibrium of the cubic lattice where there is not the splitting δ. 
by using the Kondo temperature. constants of CeTe. The observed overall temperature variations of the two constants are well described by the present theory including the coupling between the elastic strain and the splitting of the Γ 8 quartets. We believe that the presence of the peak in χ 0 is not an artifact of the mean field theory.
In fact, the magnetic susceptibility of the exact solution of the single site system has a peak when the number of the degree of the freedom is larger than two.
In the actual compound, V is anisotropic, i.e., it has an angle dependence in the momentum space: V = V (θ, φ). The mean field equations, Eqs. (2), (3), and (4), change only in one point: the angle average,
appears in the equations. This angle average can be absorbed in the present formalism by regarding the angle averaged √ V 2 as the isotropic V of Eq.
(1). Thus, the parameter value V used in this paper should be interpreted as an averaged one.
In Ref.
3, the alloy system Ce 0.5 La 0.5 B 6 has the downward dip in the temperature dependence of the c 44 constant. The variation is very similar to that in Fig. 3 . The same mechanism of the elastic anomaly discussed in this paper would work in this alloy system, too. The elastic anomaly in magnetic alloys could be treated by a microscopic theory by using the coherent potential approximation applied to the Anderson alloy system [9] . This calculation will be an interesting extension of this paper.
By applying the magnetic field, the atomic energy levels of Ce will split
further. This will result in more structures in temperature variations of the elastic constants. Experimental as well as theoretical information will be useful for detailed understanding of the electronic properties of heavy fermion systems. 
